[1] Oceanic plankton plays an important role in the marine food chain and through its significant contribution to the global carbon cycle can also influence the climate. Plankton bloom is a sudden rapid increase of the population. It occurs naturally in the North Atlantic as a result of seasonal changes. Ocean fertilization experiments have shown that supply of iron, an important trace element, can trigger a phytoplankton bloom in oceanic regions with low natural phytoplankton density. Here we use a simple mathematical model of the combined effects of stirring by ocean eddies and plankton evolution to consider the impact of a transient local perturbation, e.g., in the form of iron enrichment as in recent 'ocean fertilization' experiments. The model not only explains aspects of the bloom observed in such experiments but predicts the unexpected outcome of a large scale bloom that in its extent could be comparable to the spring bloom in the North Atlantic. [Truscott and Brindley, 1994a] suggested that plankton blooms might be explained by the excitability of the dynamical system describing biological interactions in the plankton ecosystem. The characteristic feature of excitable systems [Meron, 1992] is that perturbations exceeding a certain threshold can induce a temporary large deviation from the equilibrium state. The plankton bloom produced artificially by iron fertilization experiments has been shown to be consistent with excitable system behaviour [Pitchford and Brindley, 1999] . However, previous work has considered only the spatially homogeneous situation, and need not be relevant to the iron fertilization experiments, in which localised perturbations produce a localised bloom that is subsequently strongly affected by stirring by mesoscale ocean eddies.
[1] Oceanic plankton plays an important role in the marine food chain and through its significant contribution to the global carbon cycle can also influence the climate. Plankton bloom is a sudden rapid increase of the population. It occurs naturally in the North Atlantic as a result of seasonal changes. Ocean fertilization experiments have shown that supply of iron, an important trace element, can trigger a phytoplankton bloom in oceanic regions with low natural phytoplankton density. Here we use a simple mathematical model of the combined effects of stirring by ocean eddies and plankton evolution to consider the impact of a transient local perturbation, e.g., in the form of iron enrichment as in recent 'ocean fertilization' experiments. The model not only explains aspects of the bloom observed in such experiments but predicts the unexpected outcome of a large scale bloom that in its extent could be comparable to the spring bloom in the North Atlantic. INDEX TERMS: 4855 Oceanography: Biological and Chemical: Plankton; 3220 Mathematical Geophysics: Nonlinear dynamics; 4568 Oceanography: Physical: Turbulence, diffusion, and mixing processes; 4815 Oceanography: Biological and Chemical: Ecosystems, structure and dynamics
[2] Truscott and Brindley [Truscott and Brindley, 1994a] suggested that plankton blooms might be explained by the excitability of the dynamical system describing biological interactions in the plankton ecosystem. The characteristic feature of excitable systems [Meron, 1992] is that perturbations exceeding a certain threshold can induce a temporary large deviation from the equilibrium state. The plankton bloom produced artificially by iron fertilization experiments has been shown to be consistent with excitable system behaviour [Pitchford and Brindley, 1999] . However, previous work has considered only the spatially homogeneous situation, and need not be relevant to the iron fertilization experiments, in which localised perturbations produce a localised bloom that is subsequently strongly affected by stirring by mesoscale ocean eddies.
[3] The role of stirring has been recognised and investigated in the context of the SOIREE experiment [Boyd et al., 2000; Abraham et al., 2000] and the spatial characteristics of the bloom filament was found to be similar to that seen in tracer release experiments [Sundermeyer and Price, 1998 ], in having a roughly constant width and exponentially increasing length. However, the biological evolution in this analysis was modelled by a simple linear growth rate, which cannot be adequate for predicting the long term behavior of the bloom when nonlinearities, e.g. interactions with other species, become important.
[4] Here we consider a, perhaps minimal, model that unifies the two approaches described above by taking into account spatial distribution, stirring and non-linear interactions between biological components. The model equations are
where P, Z represent the phytoplankton and zooplankton concentration (in nitrogen currency) and F is the deviation of the iron concentration from the original homogeneous background. All three components are advected by a two-dimensional flow, v(r, t), obtained from a so-called seeded eddy model [Abraham, 1998] , and diffusive terms represent the effect of small-scale mixing (k = 4 m 2 s
À1
). The biological terms on the right-hand sides describe logistic growth of phytoplankton, grazing by zooplankton and growth and mortality for zooplankton, following [Truscott and Brindley, 1994a; Steele and Henderson, 1992] . The parameter values are based on [Truscott and Brindley, 1994a] , adjusted to the SOIREE situation so that the equilibrium state of the homogeneous system is consistent with the observations (r 0 = 0.3 d [5] The third equation describes the dispersal of the relative iron anomaly, where loss terms arising from sinking and uptake by phytoplankton have been neglected, for simplicity, as it turns out that they are not important for the long term behavior of the model. The initial homogeneous equilibrium state is perturbed by adding iron (F = 1.0 in a circular patch of radius a few km, and F = 0 elsewhere) that increases the local phytoplankton growth rate according to a simple linear relationship r(F ) = r 0 (1 + F ). Thus, the perturbation represents a twofold increase of the phytoplankton growth rate as observed in the SOIREE experiment. The evolution of the perturbation is then studied in a doubly periodic square domain of size L = 500.0 km. The model is consistent with the Southern Ocean in the sense that the perturbation required for excitation is large. Thus the natural variability may not produce excitation and no natural bloom will occur.
[6] Let us first consider the response to the localized iron supply in the absence of the flow, v(r, t) 0. If the amplitude of the perturbation exceeds a certain threshold it can induce a bloom that propagates in the form of an expanding ring (Figure 1 ). Such propagation is well known for excitable systems [Meron, 1992; Murray, 1993] . Ring-like structures of propagating plankton bloom have also been observed in the North Sea [Wyatt, 1973] , where currents are relatively weak. The bloom reaches regions with no GEOPHYSICAL RESEARCH LETTERS, VOL. 29, NO. 11, 10.1029 /2001GL013677, 2002 Copyright 2002 by the American Geophysical Union. 0094-8276/02/2001GL013677$05.00 initial perturbation of the iron concentration, but behind it the phytoplankton concentration returns to the low equilibrium value. Thus there is no simultaneous bloom over large regions.
[7] In the presence of stirring, the outcome of the same numerical experiment is quite different, as shown in Figure 2 . Stirring imposes a filamental structure similar to the one well known for inert tracers advected by time-dependent flows, arising due to the irregular chaotic motion of fluid elements, known as chaotic advection [Ottino, 1989] . The bloom filaments gradually cover a larger and larger area with no sign of decay until a coherent bloom is reached, that decays homogeneously. (The decaying phase of the bloom is not shown in Figure 2. ) If the radius of the fertilized patch is below a certain threshold, l min % 10.5 km, the bloom quickly decays. The large-scale bloom occurs if the radius of the fertilized patch is larger than a certain threshold, which was found to be R min % 10.5 km in our simulations, otherwise the bloom quickly decays. The initiation of the bloom is a local process. Consequently, the critical size of the fertilized patch is independent of the spatial extent of the system, as long as the system size is much larger than the size of the perturbation. If the same initial perturbation were distributed homogeneously over the whole domain it would fall well below the excitation threshold and would not produce any significant deviation from the homogeneous equilibrium state.
[8] The development of the coherent bloom can be explained on the basis of recent results on the effect of chaotic advection on excitable media [Neufeld, 2001] . The stirring can be described locally as a deformation, that at each point has a compressing and stretching direction. The bloom filament increases in length in the stretching direction and its profile in the compression direction is described by the equations
where F phyto, zoo (P, Z ) represents the biological terms on the right hand side of (1). The second term on the left hand side represents the effect of stirring and l is the averaged stretching rate experienced by fluid elements, that is the Lyapunov exponent [Ottino, 1989] of the chaotic advection. The boundary condition is that the concentrations tend to the equilibrium values for large values of |x|. An analogous formulation has been used before in the oceanic context for passive tracers [Sundermeyer and Price, 1998 ] and phytoplankton with linear growth rate [Martin, 2000] .
[9] The homogeneous equilibrium state is always a trivial solution of (2), but when the strain is weaker than a critical value l c % 0.095 d
, there also exists a non-homogeneous steady solution (Figure 3) , representing the profile in cross-section of a bloom filament propagating along the stretching direction of the chaotic advection. When the bloom filament fills the domain the isolated filament approximation (2) breaks down and the homogeneous bloom finally decays.
[10] The persistence of the bloom within the filament is a consequence of stirring. Excitable systems have a so-called refractory component, whose slow accumulation acts as a clock that Figure 1 . The evolution of the phytoplankton field of the model (1) on a periodic domain of size L = 500.0 km obtained using a 600 Â 600 square grid, followed the supply of iron in a circle of radius R 0 = 12.0 km in the centre, in the absence of a flow. measures the time spent in the excited state and signals its end. Stirring, by diluting the refractory component, can stop the clock and thus maintain the excited state. In the plankton system the refractory component is the zooplankton. The increasing area of the bloom filament dilutes the relatively slowly reproducing zooplankton stock that is therefore unable to graze down the bloom filament, while the phytoplankton growing more quickly can maintain a high concentration in spite of the expansion of the filament. Roughly speaking, the condition for the observed phenomenon is that the characteristic timescale of stirring (about a week) has to be intermediate between the timescale of phytoplankton growth (about a day) and that of zooplankton reproduction (few weeks). The steady bloom filament can be initiated locally by any transient perturbation that is strong enough to kick the system out from the basin of attraction of the homogenous state. Iron fertilization is one way to achieve this. The diluting mechanism that prevents the decay of the bloom is efficient only until the filaments are well separated. When a region was filled up with filaments the bloom starts to decay there.
[11] In the numerical experiments described here, we could consider only a domain much smaller than an ocean basin, to allow the filamental structure to be properly resolved. In a mere realistic domain, much larger than the scale of the eddies, the bloom would not be so coherent since the filaments could fill a limited region and decay there before the whole domain was covered. Nonetheless, the bloom would still reach everywhere and would cover large areas at any one time.
[12] The advectively propagating bloom filament does not necessarily exist for all values of the parameters of model (1). A sensitivity analysis (Figure 4) indicates that decaying, and persistent bloom filaments are both possible scenarios in the relevant region of the parameter space. It is difficult to ascertain the correct parameters corresponding to the real system, but parameter values vary with season and geographical location, so the parameter range corresponding to the steady bloom filament is likely to be attainable. There is also much uncertainty about the functional form of the parametrization of biological processes [Evans and Garcon, 1997] , but the robustness of the excitable behavior seems to be indicated by its presence in more complex plankton models [Pitchford and Brindley, 1999; Truscott and Brindley, 1994b; Clother and Brindley, 1999] . Filaments of high chlorophyll concentration are also visible in SeaWIFS satellite images of the North Atlantic spring bloom.
[13] The bloom following the SOIREE fertilization experiment was visible, as a long filament of high chlorophyll concentration, on satellite images until more than 50 days from the supply of iron. (After this time the area could not be observed due to cloud cover and later the bloom necessarily ended with the onset of the polar night.) This unexpectedly long-lived bloom could well indicate the relevance of the combined effects of excitability plus stirring described in this paper. In particular according to our model the persistent filament does not require persistently high levels of iron concentration. All that is required is the strong localised perturbation provided by the initial iron input.
[14] Whilst the three previous fertilization experiments did not produce a large scale bloom, natural variability of the physical and biological parameters and regional differences in the community structure of the ecosystem, could lead to a large-scale bloom in a future fertilization experiment. Once the propagating bloom filament was activated it would be almost impossible to stop its The condition for the occurrence of the bloom can be obtained analytically in the limit when the phytoplankton growth is much faster than the zooplankton reproduction (i.e. g ( 1). The important non-dimensional parameters are the half-saturation constant for grazing, a a=K and the zooplankton mortality m m=ðggÞ. The non-dimensional phytoplankton growth rate r 0 ¼ r 0 =g is less important and does not affect the qualitative behaviour. The bloom is indicated by the presence of a high phytoplankton steady state, P bloom > P* (F phyto (P bloom , Z*) = 0), of the phytoplankton model, for zooplankton concentration kept constant at the equilibrium value. The bloom propagates if R P bloom P Ã F phyto (P, Z*) dP > 0 and otherwise decays. Different colours indicate different behaviors of the model in the singular limit g ! 0, as follows: red -no bloom, green -unstable equilibrium state (oscillating concentrations), blue -non-propagating (decaying) bloom, blank -propagating bloom. We performed numerical simulations of the one-dimensional model for l = 0.07 d À1 and g = 0.02 for a set of parameter values within the "propagating bloom" domain (blank). Crosses indicate values for which a steady bloom filament solution has been found. The diamond shows the non-dimensional parameter values used in the two-dimensional simulations (Figures 1 and 2) . Solid line indicates parameter values corresponding to a fixed equilibrium phytoplankton concentration.
spreading (except perhaps for environmental factors like deep water mixing and sunlight limitation in winter). Although largescale ocean fertilization has been proposed as a possibility for regulating climate [Keith, 2000] by increasing carbon export from the surface to the deep ocean and thus reducing atmospheric CO 2 , the potential beneficial or adverse consequences are quite controversial [Chisholm, 2000 [Chisholm, , 2001 [Chisholm, , 2002 . The example presented here indicates again that ecosystem experiments and geoengineering interventions should be preceded by careful analysis, taking into account the complex interactions between biological (or chemical) and fluid processes in our environment.
